Background Avascular necrosis (AVN) and residual acetabular dysplasia are the two main complications of developmental dysplasia of the hip (DDH) treatment. Although early reduction of the hip may decrease the incidence of residual dysplasia, it may increase the incidence of AVN and vice versa. However, we do not know if changes in surgical technique may lead to a modification in these outcomes. 
reduction, (1) diminish the risk of developing acetabular dysplasia; or (2) increase the rate of AVN compared with patients treated with open reduction alone? Methods We conducted a retrospective matched casecontrol study comparing 22 patients (27 hips) with early isolated DDH who underwent intentionally delayed open reduction and acetabuloplasty from 2004 to 2010 and followed up [ 4 years (88% of the cohort) with early historic controls treated with delayed open reduction alone. Of 53 patients available for matching, 45 (85%) had enough followup ([ 10 years) to be considered. They were matched one to one for age at presentation and bilaterality (fuzz 45, 0). This generated a control group of 25 patients (27 hips). The mean followup was different between the groups (p \ 0.001). Residual dysplasia considered when center-edge angle \ 15°(6-13 years old) or \ 20°(C 14 years old) or as a nonevolving acetabular index [ 30°and pelvic osteotomies were used as our primary outcomes. The proportion of patients with AVN was also compared. Results Patients treated with open reduction and an incomplete periacetabular acetabuloplasty were less likely to develop acetabular dysplasia and undergo pelvic osteotomies than were patients in the control group (0% [ 27] versus 26% [seven of 27]; OR, 8; 95% CI, 1-60; p = 0.025, respectively). With the available numbers, there was no difference in terms of the proportion of patients who developed AVN (11 of 27 [41%] both groups; OR, 1; 95% CI, 1-2; p = 1). Conclusions The addition of an incomplete periacetabular acetabuloplasty to all hips undergoing open reduction eliminated residual acetabular dysplasia, whereas it did not appear to have deleterious effects as evidenced by the similar AVN proportion.
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Introduction
Avascular necrosis (AVN) of the femoral head is the most devastating complication after treatment for developmental dysplasia of the hip (DDH). Although AVN has been reported in as many as 73% of patients [9] , a more typical range after open reduction in isolated DDH is 20% to 40% [6, 8, 39] . It is widely accepted that the disruption of the blood supply is iatrogenic, because untreated dislocated hips do not develop this complication [11] , whereas nondislocated hips in treated children are still vulnerable to it [13, 34] . The consequences of AVN for the growing hip can be severe, resulting in an incongruent hip prone to premature degenerative changes. It has been suggested that the ossific nucleus formation is associated with the development of an anastomotic vascular supply to the chondoepiphysis that makes it less susceptible to compression injury [8] . Hence, speculatively, to avoid AVN, some practitioners elect to intentionally delay the surgical treatment of DDH until the appearance of the ossific nucleus [6, 8, 36] .
However, this advantage conferred by delayed treatment has to be balanced with the potential disadvantage of the loss of remodeling potential that can result in residual acetabular dysplasia. The prevalence of residual acetabular dysplasia after surgical treatment of DDH varies between 20% [16] to over 80% [1, 12, 23, 29] . The debate about the timing of a pelvic procedure to address this common problem is still controversial. For some [7, 15, [30] [31] [32] , this can be added primarily at the time of DDH treatment. Others prefer to reserve pelvic procedures for those who develop this complication as a secondary procedure [16, 22] . Because AVN and residual acetabular dysplasia are the two main complications of DDH treatment, the ideal treatment would minimize one without increasing the incidence of the other. Early in 2014 [7] , we published the early results of an incomplete periacetabular acetabuloplasty as an adjunct to delayed open reductions. This added step incurred little morbidity or extra surgical time. We theorized that this would allow the surgeon to delay surgical intervention and potentially reduce the incidence of AVN while being confident about the development of a mature acetabulum; however, this has not been proven, and we wished to provide followup on this group of patients to evaluate this set of issues. We therefore compared a cohort of patients who underwent open reduction and acetabuloplasty with historically matched control subjects who were treated with open reduction alone.
Specifically, we asked: Does an incomplete periacetabular acetabuloplasty, as an added step to delayed open reduction, (1) , we performed open reduction on 53 children with isolated DDH. Forty-five (85%) had followup at a minimum of 10 years (mean, 15 years; range, 12-27 years) and so were potentially available for inclusion in the control group. Of those, two of them had persistent dislocations and were considered unsuitable for this study that focuses on acetabular development. Thirty-three of those 43 available for matching had been discharged from the pediatric orthopaedic clinic at skeletal maturity.
Between 2004 and 2010, we added an incomplete periacetabular acetabuloplasty to all of our open reductions. During that time, we treated 27 patients who presented early with this approach. Of those, 25 (88%) had followup at a minimum of 4 years (mean, 7 years; range, 4-11 years) and so were potentially available for inclusion in the study group. The mean duration of followup was significantly different between the groups (p \ 0.001), whereas the proportion of patients with complete followup of the underlying cohorts was no different between the groups (p = 0.5).
In those with bilateral disease who were treated by simultaneous closed and open reductions, only the hip undergoing open reduction was taken into account ( Fig. 2 A-F). However, in those patients with bilateral disease treated with sequential open reductions, data for each hip were considered independently ( Fig. 3A-E ). This is a common practice condoned in orthopaedics although it may violate the principle of statistical independence. However, it avoids selection bias because bilateral disease often has asymmetrical outcomes and worse prognosis [25, 41] . This is why we matched patients according to bilaterality. Disregarding repeated measurements, however, does not necessarily always lead to erroneous results [28, 35] . On the other hand, there is a general consensus that early detection improves outcome [10, 19] and hence the age at presentation determines how prompt conservative treatment is started. All the patients in both groups had undergone failed conservative treatment before surgery was indicated. Consequently, matching between case and control patients was then performed with a ratio of one to one using the parameters bilaterality and age at diagnosis with a fuzz factor of 0 and 45 days, respectively.
The matching generated a control group consisting of 25 patients (27 hips) to match the study group of 22 patients (27 hips Fig. 3A-C) . All patients had their surgery delayed until the ossific nucleus appearance or 13 months of age, whichever came first. The ossific nucleus appearance was monitored with serial ultrasounds. The average age at surgery was 13 months (range, 7-19 months) for the control group and 12 months (range, 7-18 months) for the study group (p = 0.14). Hence, the mean delay to surgery from the time of diagnosis was 12 months (range, 4-18 months) for the control group and 11 months (range, 5-16 months) for the study group (p = 0.51) ( Table 1) .
The operative protocol for all patients included an arthrogram (Figs. 2B, 3B ), adductor tenotomy, and open reduction using an anterior approach to the hip through a bikini-line incision. The case group had an incomplete periacetabular acetabuloplasty as an added step. The full technique has been described elsewhere [7] . Briefly, after capsulorrhaphy, the outer table of the ilium is osteotomized following the contour of the acetabulum (Fig. 4A ) and displaced downward minimally (Fig. 4B) . A synthetic graft such as Osteoset (Wright Medical Technology, Arlington, TX, USA) can be used to maintain the tipped acetabular roof without additional fixation (Fig. 4C) .
All patients underwent similar aftercare. Postoperative reduction of the hip is confirmed with a limited CT study. Patients are immobilized in a spica cast 6 weeks followed by similar periods in broomstick plasters and night splints.
Patients are reviewed initially at 4-monthly intervals for the first year, 6-monthly intervals for the next year, and annually thereafter until growth is finished. At each followup appointment, the senior author (NMPC) or one of his assistants reviewed the patients clinically and radiologically. Standard supine radiographs were taken with a film focus distance of 110 cm. Those radiographs obtained after December 2006 were digitalized in a Picture Archiving and Communications System.
The International Hip Dysplasia Institute classification [26] was used to identify the height of dislocation in preoperative films. These were also analysed by three independent reviewers (SA-H, KW, MBC, the first two blinded to the final outcomes) to record the absence or presence of ossific nucleus and preoperative acetabular indices. Postoperative radiographs were reviewed (SA-H, KW, MBC) to calculate the acetabular index [17] and assess residual acetabular dysplasia and epiphyseal development. Center-edge and Sharpe's angles were recorded on the last followup radiograph available.
Residual acetabular dysplasia and pelvic osteotomies were used as our primary outcome. Residual dysplasia was considered when center-edge angle was \ 15°(6À13 years old) or \ 20°(C 14 years old). In younger children, acetabular indices over 30°in two repeated radiographs 1 year apart were considered indicative of dysplasia [1] (Fig. 2CÀD) . If dysplasia was diagnosed before the closure of the trirradiate cartilage, it was treated with a Salter-type pelvic osteotomy (Fig. 2E) . After closure and if patients were asymptomatic, acetabular dysplasia was left untreated. All the parents of patients to whom a pelvic osteotomy was indicated accepted the procedure.
Other outcome measure was AVN Grade II to IV graded according to Kalamchi and MacEwen [20] . The existence of AVN and its grade was rated independently by the two authors on plain films (MBC, NMPC, not involved and involved in the direct care of these children) and no developing as expected at 2 years of age (C) and 3 years of age (D) and she underwent a pelvic osteotomy to address residual acetabular dysplasia at age 3 years 9 months (E). At 8 years of age, she has adequate acetabular development bilaterally (F). disagreements occurred. Allowing for a 90% power to detect a 10% clinically meaningful difference between the groups in a 5% two-sided test indicates that 286 patients per group would have been required. Considering a 10% dropout during the followup period, the total number of patients required would be 636. Hence, this study is underpowered.
Clinical data collected from records included age at diagnosis, use of a Pavlik harness, delay to surgery, and the need for reintervention as well as pain, limping, leg length discrepancy, and the ROM of both hips.
Further surgery was required in 15 hips in the control group and in one belonging to the group treated with open reduction and acetabuloplasty. These included one revision of the open reduction, four varus derotation osteotomies, seven pelvic ostetomies, and seven apo-or epiphysiodeses. Two hips required first pelvic osteotomies and then varus derotation osteotomies performed on separate occasions, whereas one hip required a pelvic osteotomy and later a medial screw epiphyisodesis. The seven hips in the control group (26%) that required pelvic osteotomies were operated on an average of 50 months from the index open reduction (SD 23; range, 20À85 months). The preoperative acetabular indices in these hips were not significantly different from the hips that did not require a pelvic osteotomy. One patient underwent a THA in 2015. In the case group, one hip required a medial screw epiphysiodesis for late lateral growth arrest. Modified Mackay [24] and Severin [37] classifications were used to measure clinical and radiologic outcomes at last followup, respectively (Table 2) . Although many more patients required further surgery after the index open reduction in the control group, there were no detectable differences between the groups regarding radiological or functional scores. SPSS Version 22 (IBM, Armonk, NY, USA) was used for analysis. Univariate t-tests, odds ratios, multivariate logistic regression, and Fisher's exact tests were used to compare the statistical data. Statistical significance was taken as p \ 0.05.
Results
Patients treated with open reduction and an incomplete periacetabular acetabuloplasty were less likely to develop acetabular dysplasia than were patients in the control group With the numbers available, there was no difference in terms of the proportion of patients who developed osteonecrosis between the groups treated with or without incomplete periacetabular acetabuloplasty (11 of 27 [41%] in either group; OR, 1; 95% CI, 0.6À2; p = 1).
Discussion
The surgical treatment of DDH is challenging as evidenced by the many protocols available. The best management for patients, parents, practitioners, and administrators alike would be such that offers the best results with the minimum amount of interventions. The purpose of this case-control study was to determine whether an incomplete periacetabular acetabuloplasty as an added step to delayed open reductions would diminish the risk of developing acetabular dysplasia or increase the risk of AVN. This added step has proven to add minimal morbidity or surgical time [7] .
The main difficulty in this study was to elicit statistically meaningful comparisons when no events of our main outcomes (residual acetabular dysplasia and pelvic osteotomy) occurred in the case group. Although the fixed zero cell correction meets the objective of avoiding computational errors, it usually has the undesirable effect of biasing study estimates toward no difference and overestimating variances of study estimates [38] . Additionally, this study was severely underpowered to calculate meaningful AVN comparisons. Another important limitation arises from the fact that we are comparing a current patient group, still undergoing regular followups, with historic controls, the majority of which had been discharged at skeletal maturity. This limitation may be causing us to overstate the benefits of adding an incomplete periacetabular acetabuloplasty at the time of open reduction. Finally, this is a single-surgeon series and this fact brings its own set of limitations. The learning curve of the operating surgeon may influence comparisons between new and historic groups. Jain et al [18] demonstrated how AVN in open reductions improves after the first 28 cases, reaching a plateau after that. The choice of pelvic osteotomy and its timing are also strongly influenced by personal choice.
Residual acetabular dysplasia, described according to Severin's class or as an increased and nonevolving acetabular index, was much more likely in the group treated with open reduction alone and found in 37% of children. This is not only not surprising, but rather average if we remember that their mean age at open reduction was 13 months. According to Albinana et al [1] , acetabular dysplasia is directly related to the age at open reduction, increasing from 20% at 6 months to 60% at 32 months or older. Hence, for these authors, children treated at 18 months of age have a probability of 36% to develop acetabular dysplasia. The unusual fact is that no cases of residual acetabular dysplasia were found in the case group, although their mean age at operation was similar. Hence, an incomplete periacetabular acetabuloplasty appears to be a powerful tool to counteract the deleterious effect of intentionally delaying surgery.
The current matched case-control series used the need for an early pelvic osteotomy as an objective endpoint to assess residual acetabular dysplasia. There were no pelvic osteotomies indicated in the case group, whereas in the control group, treated with open reduction alone, a pelvic osteotomy was required in 26% of the cases. The need for acetabular or femoral osteotomies after open reduction is less frequent than after closed reduction when treating isolated DDH but still rather common [4] , even in those children treated early [23] . Some authors advocate the use of an intraoperative stability test [42] to selectively add femoral or pelvic osteotomies to their open reductions; however, this is not a fail-proof method either. The universal addition of a pelvic procedure at the time of open reduction has been advocated by Salter [31] [32] [33] and others [14, 15] when treating children older than 18 months of age, whereas other authors suggest that the addition of a pelvic osteotomy is unnecessary in children who are younger than 5 years of age [2, 21, 22] . It has been suggested that the initial preoperative acetabular index may be used as a criterion to add an acetabular procedure to the primary treatment [16] . In the present study, the preoperative acetabular index was not different in those hips that required a pelvic osteotomy from those that did not, making this measure a poor initial discriminator. Bolland et al [4] and Albinana et al [1] found the acetabular index becomes a reliable predictor for the need for a pelvic osteotomy at an average of 1.5 years or 2 years after the hip reduction, respectively. The addition of an incomplete periacetabular periacetabuloplasty to all hips undergoing open reduction eliminates the uncertainty, whereas it does not appear to have deleterious effects, as evidenced by the similar Severin and Mackay scores. These scores were obtained at the final followup and, in the control group, many further surgeries were required. However, if practitioners prefer, this technique can be added to selected cases that present late or are particularly unstable intraoperatively.
Some authors have described an increased risk of AVN using a combination of open reduction and Salter pelvic osteotomy [3, 27] . In the current series and with the numbers available, there were no differences between patients undergoing acetabuloplasties and control patients in terms of the likelihood of developing AVN. In view of the differences in followup, it is possible that the proportion of patients with AVN in the study group is underestimated. The proportion of patients developing AVN in both of our groups was in range with other studies (41%), and our groups were likely too small to resolve differences that might have been clinically important. Future, larger studies are needed. In the United Kingdom, a randomized controlled trial was launched in 2014 to compare the AVN rate in children with dislocated hips treated early with those treated with intentionally delayed surgery. Nevertheless, these represent higher proportions of patients with avascular necrosis than previous series by the same surgeon [4, 7, 8] . However, our rate of AVN is similar to other case-control studies; Segal et al [36] reported a 32% rate and Sankar et al [33] 41%. The high proportion of AVN in this series may be explained by several factors; all of our patients had failed conservative treatment with a Pavlik harness, a known risk for AVN [40] ; bilateral disease was overrepresented [5] ; the majority were high dislocations (International Hip Dysplasia Institute 4); and over half of these hips, despite the delay, did not have an ossific nucleus present at surgery, another indirect indicator of severe disease.
The addition of an incomplete periacetabular acetabuloplasty to all hips undergoing intentionally delayed open reduction eliminated residual acetabular dysplasia in this cohort, in the followup available, whereas it did not appear to have deleterious effects, as evidenced by an equal AVN proportion and similar Severin and Mackay scores.
